Abstract Pollution is a worldwide problem and its potential to influence the physiology of human populations is great. Studies of human growth and development in relation to pollution have increased in number and quality since the mid-twentieth century. Many studies have found that some pollutants have detrimental effects on human growth, particularly prenatal growth. The heavy metal, lead, is commonly found in human populations and is related to smaller size at birth and studies have reported decrements that range up to about 200 grams. Noise stress from transportation sources also is related to reduced prenatal growth with somewhat smaller decrements reported. Studies of humans exposed to polychlorinated biphenyls, one of the persistent organic pollutants, have reduced size at birth, advanced sexual maturation and altered hormone levels related to thyroid regulation. Thus different pollutants exert effects through different physiological pathways. However, some studies have not observed these effects, which indicates that the situation is complex and requires further study with better study designs. Determining the effects of pollutants on human physiology and growth is difficult as it requires fairly large numbers of subjects who are not purposely exposed but for whom exposure can be measured. These effects of pollutants and the mechanisms of effect require further study to understand and, it is hoped, to blunt or block any detrimental effects on human health and well-being.
Introduction
Pollution is defined as a material or a form of energy that is unwanted, usually because it is believed to be detrimental to health and well-being. Pollution can be made by human activity and by natural forces as well. Human exposure to pollution is believed to be more intense now than at any other time in human existence.
Understanding the effects of pollution on human physiology and populations is difficult because it is unethical to expose human subjects to materials or energy that could be harmful, animal models are not exact duplicates of human responses, and the variety of effects that could be studied is large. The study of human growth provides a good indication of the harmfulness of pollutants because growth is the result of many physiological pathways and is the outcome of many processes that can be deranged by environmental influences, including pollutants. The precedent for this approach is clear. Johnston has said that growth is ecosensitive (Johnston, 1993 (Johnston, , 1995 Johnston and Low, 1995) , and Tanner has promoted the idea that patterns of growth can be studied to determine where conditions of society are not meeting basic biological needs of children (Tanner, 1978 (Tanner, , 1986 . The premises and advantages of auxological epidemiology, which is the name for the study of growth to determine adverse environmental influences, have been described before (Schell et al., 1992; Schell, 1997) . The most common research design used for studies of human growth, including those in auxological epidemiology, is the observational design.
Research Designs: Experimental and Observational.
Research in physiological anthropology is often conducted using study designs that can be categorized as experimental. Subjects are assigned to study groups, if possible by random assignment, some intervention is applied to some of the groups, perhaps an exposure or test, and a comparison is made. However, much of the work determining the relationships between environmental variables and the patterns of human growth and development proceed with observational designs that are common in epidemiology and population biology. Rarely are experiments conducted to determine these relationships primarily because it would be unethical to expose children or developing fetuses to environmental factors that are thought to be harmful. Using the terminology of epidemiologists to describe scientific study designs, we would say that most often an observational study design is used. In observational studies the investigator compares groups of people that are formed by their own choice, for example cigarette smokers vs. nonsmokers, and without his intervention (Lilienfeld and Stolley, 1994) . This design produces statistical measures of association between variables but cannot establish a cause and effect relationship on its own because the variables have not been manipulated. Furthermore, the groups are not randomly selected and this creates a question of whether the results from the study can be generalized to the population as a whole.
The usual way epidemiologists and other population biologists assess the causal basis of statistical associations between variables in a population is by determining if evidence answers the following questions (termed Hill's criteria (Lilienfeld and Stolley, 1994) ): 1) Is the relationship biologically plausible? 2) Is the relationship replicated and consistent across studies? 3) Is the relationship consistent across sub-groups? 4) Does the relationship exhibit a doseresponse curve? 5) Does the relationship exhibit proper temporal sequence? When studies of the same problem can address these criteria, we are able to assess whether the statistical association is likely to be based on a causal connection between variables. However, rarely are all five criteria met, often because there are an insufficient number of research studies on a subject. For a few pollutants it is possible to conduct this evaluation although most often the evaluation is incomplete. Nevertheless doing so allows us to see what kinds of studies should be conducted in order to complete the criteria.
Noise Exposure and Human Growth
A good example with which to begin is the relationship between noise exposure and human prenatal and postnatal growth. To assess whether a relationship is biologically plausible we may consider studies of laboratory animals exposed to noise. Non-human animal studies have established that noise is a stressor (Busnel, 1978; Cohen and Weinstein, 1981; DeJoy, 1984; Geber et al., 1966; Geber, 1973; Glorig, 1971; Herrington and Nelbach, 1942; Ishi and Yokobori, 1960; Iturrian and Fink, 1968; Welch and Welch, 1970) . Furthermore, several laboratory studies have shown that animal growth is inhibited by noise exposure (Michaud et al., 2005) . It is most likely that stress affects growth through the endocrine system. Noise stress activates the hypothalamicpituitary-adrenal axis, and stress has growth-inhibiting effects possibly through the action of corticosteroids, but also through other pathways as well. Determining whether noise produces stress in humans and can affect human growth requires a natural laboratory, and noisy airport communities can be that laboratory.
Many studies of airport communities have found evidence of stress in adults and in children, and found decrements in growth associated with noise exposure. There is ample laboratory work to show that noise is a stressor among adults, including women of childbearing age. Ando and Hattori (1977) showed that pregnant women exposed to airport noise had lower placental lactogen levels. Research on noise stress in children is rare. However, Evans and colleagues (1998) studied epinephrine levels in children in two communities: one was near an airport outside Munich and the second was a control community. Epinephrine levels during the 6 months before the airport was used are lowest, and levels in the 6 and 18 months following completion of the airport are significantly higher. In the community near the airport, epinephrine levels rose following completion of the airport, but in the control community, there was no increase in levels. This suggests that the airport traffic stimulated a fundamental component of the stress response, and it is consistent with the laboratory experiments with non-humans that have shown that noise is a classic stressor. Importantly it shows that airport noise is a stressor and it is a stressor among children. Thus, there is a biologically plausible pathway for reduced growth in response to noise.
Birth weight has been shown in several studies to be reduced in relation to noise exposure from airports and other sources. In work done with a population near Amsterdam, birth weights were reduced (Knipschild et al., 1981) . Here there is some control for socioeconomic status, which is usually a large influence on birth weight. The effect is found in both income groups but really only in females. However, this study did not control for other variables that affect birth weight, such as cigarette smoking. Other studies have produced similar results (for review see Schell, 1982) , and have controlled for other influences on birth weight including parental sizes, maternal characteristics such as weight gain during pregnancy, smoking, education, income, and gestation length (Schell, 1984) (Fig. 1) . Some studies show an effect more prominently in females than males (Ando, 1988; Coblentz et al., 1990; Knipschild et al., 1981; Schell, 1982) . Thus, there is some consistency among studies (see also Hartikainen et al., 1994; Kawada, 2004; Zhan et al., 1991) , but not all studies have found reduced birth weight (Hartikainen-Sorri et al., 1991; Wu et al., 1996) . Pollution, Growth and Development Turning to criterion of dose-response relationship, Ando and Hattori (1973) in Itami City, Japan analyzed data on over a thousand births. In the control cities the rate of low birth weight was slightly less than 6% while in the high noise exposure cities it reached 8.5%, a statistically significant difference. Ando and Hattori categorized births into five groups based on noise exposure, and frequency of low birth weight increases fairly consistently with noise exposure, demonstrating a rough dose-response relationship in these results.
Temporal sequence, where the putative cause precedes in time the biological effect is difficult to demonstrate in observational studies, but there is evidence from a natural experiment created when jet planes were introduced at an airport in Japan (Ando, 1988) . This shows the temporal sequence that is lacking in most other studies. Here is a situation where changes in jet plane traffic caused an increase in noise exposure around the airport. Jet plane traffic at this particular airport began between 1963 and 1964. The rate of low birth weight babies, defined here as below 3000 grams, before jet plane traffic began was less than the national average in Japan in 1961, 1962 and 1963 . As soon as jet plane traffic began and as it increased, the rate of low birth weight increased, and after a few years the rate of low birth weight became substantially higher than the national average. The sequence of cause and effect is demonstrated in these data (see Schell and Denham, 2003) .
In summary, there is substantial evidence for an effect of noise on human prenatal growth. Most of the criteria that were developed by epidemiologists to evaluate observational studies for evidence of causality are met. However, some studies have not seen a relationship, and this suggests that other variables must be studied as well. Studies on postnatal growth are rare (Schell and Hodges, 1985; Schell and Norelli, 1983; Takahashi and Kyo, 1968) and insufficient to reach a firm conclusion.
Persistent Organic Pollutants: Polychlorinated Biphenyls
Persistent organic pollutants (POPs) are a group of compounds produced purposely or accidentally by industrial processes. They include a variety of pesticides and herbicides such as hexochlorobenzene (HCB), mirex, 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT), polychlorinated biphenyls (PCBs) and polybromated biphenyls (PBBs), and dioxin (2-3-7-8 tetrachlorodibenzo-p-dioxin, (TCDD)). They are lipophilic and are concentrated in adipose tissue. They bioaccumulate up the food chain and many are metabolized slowly over years and decades. Breast milk contains concentrated POPs. One of the most terrible human exposures to PCBs occurred through contaminated rice oil in the Fukuoka Prefecture, Japan in 1968. The disease, termed Yusho, was subject to much study and the studies showed that growth was affected to some extent (Aoki, 2001; Kuratsune, 1976; Masuda, 2001; Murai et al., 1987; Yoshimura, 1974) . Research on growth of Yusho children and of children born to Yusho mothers has been summarized previously (Schell, 1991 (Schell, , 1999 Schell and Denham, 2003) .
After the Yusho poisoning, another mass poisoning occurred in Taiwan in 1979, termed Yu-cheng, and investigators observed many of the same health problems (Chen et al., 1992; Guo et al., 1994 Guo et al., , 1995 Yen et al., 1989 Yen et al., , 1994 . After the Yusho poisoning, scientists have investigated many populations for the presence of PCBs and other POPs, and have discovered low levels of POPs in all populations studied, even in very remote arctic populations in North America (Tenenbaum, 1998) . This raises the question whether the effects seen in Yusho and Yucheng may occur in people at lower levels of exposure also. Exposure to POPs is extensive because they have entered the food chain and are very persistent. Most human exposure is through ingestion of fish, meat, eggs and dairy products including milk and butter. Because POPs are lipophilic and bioaccumulate, they are concentrated in animals that consume other animals or that are fed fats from other animals. Thus, cattle and farm raised salmon may have higher levels of POPs than free-living populations, and free-living animals high on the food chain such as whale, walrus, and polar bear, may carry high levels of POPs. In addition, POPs are transferred from mother to fetus across the placenta, and from mother to infant through lactation. POPs also can be absorbed through the dermis, and inhalation is an additional route of exposure. POPs can be carried from industrial areas by winds high aloft to remote areas such as the Arctic and contaminate food there.
Many PCBs are very persistent in the environment and can resist metabolism leading to long-term storage in fat tissue. These properties depend on the form of the molecule. PCBs can take a large variety of forms, or congeners, depending on how many carbons are substituted with chlorines and where the substitutions occur. Some congeners of PCBs persist in people and the environment for decades.
Some PCB congeners have patterns of chlorines that cause them to resemble dioxin (Fig. 2) , one of the most toxic substances known. This suggests that the effects of some PCB congeners, particularly ones lacking chlorines in the ortho positions, may resemble dioxin's effects (Carpenter, 1998; Safe, 1994) . In general, PCBs are suspected of causing a wide variety of physiological changes that may in turn contribute to health problems involving the endocrine, reproductive, immune, nervous and cardiovascular systems.
To investigate the effects of low-level exposure to PCBs and other toxicants, we began a study of Mohawk Indian youth 10-16.9 years of age. The youth were all members of the Akwesasne Mohawk Nation. The Nation straddles the St. Lawrence River and occupies territory in New York State (US), and in Quebec and Ontario (Canada). Exposure at Akwesasne occurred when industries located on the St. Lawrence River in the 1950s contaminated the environment with PCBs through improper disposal practices. Fish and game absorbed the PCBs. Customary food sources for the Akwesasne community include locally caught fish, and ingestion of fish was a major route of exposure for adults and children. Newborns were exposed prenatally to PCBs in mother's circulation, and then through lactation. Postnatal exposure also occurred through the consumption of contaminated fish and game. In the mid-1980s local and state departments of health advised the population to avoid consumption of locally caught fish, and levels of PCBs have fallen since then (Fitzgerald et al., 1998 (Fitzgerald et al., , 1999 . However, persistent PCBs remain in adults and children at Akwesasne, although at levels lower than occurred in Yusho poisoning.
Our research at Akwesasne includes investigation of growth and maturation, levels of sex steroids and thyroid hormones, as well as cognitive and behavioral characteristics. The 10-16.9 year age range of participants allowed the study of growth during a period of rapid growth, as well as sexual maturation including changes in sex steroids while having relatively constant levels of thyroid hormones. Participants were sufficiently mature to follow instructions for sensitive testing of cognition and behavior. This holistic approach involves the collection of a great deal of data and some of these data have been analyzed.
The methods of data collection have been described previously (Schell et al., 2003 (Schell et al., , 2004 ), and will be described here in brief. Families were contacted by Mohawk community researchers to solicit participation of children in the appropriate age range. All participants had blood drawn in the morning on rising to insure that samples would not be affected by diurnal variation, and following an overnight fast to insure that recent food consumption would not affect toxicant levels. Ultratrace congener specific analysis of PCBs allowed the separation of 83 peaks, including 101 congeners as singles, doubles or triplets (DeCaprio et al., 2000) . In addition, we obtained measurements of p, pЈ-DDE (the primary metabolite of DDT), mirex, HCB, as well as lead and mercury. After blood was drawn, a full anthropometric examination was conducted. Sexual maturation in terms of Tanner Stages was assessed by having the participant compare simple sketches of the five stages with themselves, and choosing the one sketch that was most like them. Girls were asked if they had reached menarche (yes/no). The participant was interviewed to learn of family characteristics and diet. In cases where the child was less than 13 years of age, the mother was interviewed to assess the child's diet.
We have examined the effect of several pollutants, including PCBs, on the timing of menarche (Denham et al., 2005) . We performed probit and logit analyses on presence or absence of menarche. In our analysis we found that menarche was more likely to have occurred among same-aged girls with higher PCB burdens. Furthermore, these associations were specifically seen for a group of four potentially estrogenic PCB congeners, but were not found when tested with groups of antiestrogenic or enzyme-inducing congeners (Denham et al., 2005) . At the lowest level of the estrogenic PCB group, 33% of 12-year-old Mohawk girls were predicted to have reached menarche when controlling for socioeconomic status and other toxicant burdens (lead, mercury, HCB, p, pЈ-DDE, mirex), whereas at the geometric mean 69%, and at the highest PCB value 98% of 12-year-old girls were predicted to have reached menarche (see Fig. 3 ). This effect was observed among girls with toxicant burdens comparable to other populations exposed at background levels.
We also have examined the relationship of toxicants to levels of thyroid hormones. Thyroid hormones are essential for maintaining normal rates of metabolism, growth and development, and cognitive performance. Our initial analysis of 115 boys and girls indicated that some PCBs were related to 106 Pollution, Growth and Development The predicted probability of 12-year-old Akwesasne Mohawk girls having reached menarche at different levels of a group of estrogenic PCBs (adapted from Denham et al., 2005) .
thyroid hormones and activity. A group of the more highly chlorinated PCB congeners was positively and significantly associated with thyroid stimulating hormone (TSH) and was negatively associated with thyroxine. These results were observed in a multivariale analysis controlling for other variables, such as blood lipids and other toxicants (Schell et al., 2004) . A high level of TSH is diagnostic of hypothyroidism. Although we did not find a significantly elevated occurrence of this disease, we did find a shift in the distribution of TSH indicating that PCBs had affected thyroid physiology in this population. Higher TSH levels in conjunction with lower levels of thyroxine and free thyroxine suggest that the hypopituitary thyroid axis is functioning to maintain normal thyroid gland activity and related functions. Other toxicants were not so clearly related to thyroid hormones or TSH. Although we have described the pattern of physical growth at Akwesasne (Gallo et al., 2005) , we have not yet tested the relationship between toxicants and growth. However, several other studies have examined the relationship between POPs, particularly PCBs, and growth. Most of these have examined size at birth; while studies of postnatal growth are far fewer. Many of these studies have examined the effects of maternal consumption of fish contaminated with PCBs and other toxicants.
In general, these studies indicate that prenatal exposure to PCBs can cause lower birth weight and shorter gestation. The decrease in birth weight ranges from 22 to 500 g (Baibergenova et al., 2003; Fein et al., 1984; Karmaus and Zhu, 2004; Rylander et al., 1996 Rylander et al., , 2000 Taylor et al., 1984 Taylor et al., , 1989 . The strongest evidence to date comes from a cohort of mothers and offspring who consumed fish from Lake Michigan. Neonates with cord serum levels of 5.0 ng/ml or more had decreased birth weight of approximately 160-190 g, and smaller head circumference compared to lower exposed children (Fein et al., 1984) . A study of infants in the Netherlands found lower birth weight (ϳ165 g less) and delayed growth were correlated with higher PCB levels measured in cord plasma and mother's blood (Patandin et al., 1997 (Patandin et al., , 1998 . A recent study of Great Lakes fish eaters on the effect of PCBs and p,pЈ-DDE on birth weight found a significant decrease (ϳ500 g) in birth weight of infants born to mothers with PCB levels of 25 mg/L or more (Karmaus and Zhu, 2004) . To insure that mismeasurement of smoking status did not affect the results, the authors also investigated the effects of PCBs on birth weight in just the non-smoking participants. They found a reduction in birth weight in the nonsmoking group associated with low levels of PCB exposure (Ͻ5 mg/dL).
Adverse effects of environmental pollutants on postnatal growth have been convincingly documented in poisoning episodes (Guo et al., 1993 (Guo et al., , 1995 however, reports on the effect of background or chronic exposure to toxicants on physical growth in children and adolescents are inconsistent and incomplete. We hope that analysis of our data may clarify the situation with regard to toxicants and adolescent growth and development.
In summary, the data on PCBs reported to date suggest that the greatest risks to development are associated with exposure during the prenatal period. The effects reported on growth postnatally suggest possible impairment during a critical period of neuroendocrine or other central nervous system development.
Lead and Human Growth
Lead is a ubiquitous pollutant in industrialized countries and it has no known benefits for human physiology or performance. The primary sources of lead in the environment are auto emissions from leaded fuel, industrial emissions and lead-containing paint that is flaking into the environment. The usual pathways of lead exposure among humans are described in Fig. 4 . Most lead enters the body by ingestion rather than inhalation, and levels of lead in the blood rise from birth to a peak at approximately two to three years of age unless there is an occupational exposure in adult life. Lead that is absorbed into the blood stream reaches every organ, but is stored in the skeleton such that among adults, approximately 90% of the body's lead burden is found in the skeleton where it can pass back into the bloodstream. Although the problem of lead in children has received a great deal of attention in the US, there are many countries where blood lead levels in children are just as high or are higher than in the US.
The effects of lead vary with the amount and timing of exposure. The US Centers for Disease Control and Prevention has described the effects (Fig. 5 ) that range from death at high doses to neurobehavioral deficits and growth impairment at low ones (ATSDR, 1988) .
Effects on growth have been reported in numerous studies, but not by all investigations. Results from studies of lead and birth weight that were conducted prior to 1999 have already been described (Schell, 1999; Schell and Knutson, 2002) . In general, many studies have found a negative association between lead level in the mother or in the newborn, and the weight of the baby. However not all studies have seen this relationship and the reasons for the variation in results has been studied in detail, but not fully explained (Andrews et al., 1994) . Studies conducted since these reviews have shown small, but fairly consistent decrements in weight at birth in relation to greater lead levels (Bellinger, 2005; HernandezAvila et al., 2002; Kaul et al., 2002; Odland et al., 1999; Osman et al., 2000; Srivastava et al., 2001; Uryu et al., 2004) . Even maternal blood lead levels as low as 0.06 mmol/L predicted a reduction in birth weight by approximately 100 g (Odland et al., 1999) . Hernandez-Avila et al. (2002) reported an increased risk of having a lower birth length (ORϭ1.03) and a smaller head circumference (ORϭ2.13) with increasing bone lead levels.
There are far fewer studies of postnatal growth and lead (Schell, 1999; Schell and Knutson, 2002) . This is probably because in most countries size during childhood is not routinely measured with much accuracy or precision. Therefore, in order to relate size to blood lead levels, records cannot be used and children must be measured; this is an expense in addition to measuring the blood lead levels.
There have been three large studies of lead and childhood growth in the US. All three studies used data compiled by the US National Center for Health Statistics. These data sets comprise representative samples of US children, and a large variety of information was collected and is included in the data sets including anthropometry and blood lead levels. All three studies have shown that children with higher lead levels have a small but statistically significant decrement in height. The most recent of these using data from NHANES III found an approximately 1.6 cm reduction in stature for each 10 mg/dL of lead among non-Hispanic children 1-7 years of age and the effect is present in both boys and girls (Ballew et al., 1999) . This finding is consistent with the two earlier studies. A NHANES II study reported a 1.5% reduction in height, weight, and chest circumference in children with greater than the sample mean blood lead level at 59 months (Schwartz et al., 1986) . Another study found a 1.2 cm stature reduction among 108 Pollution, Growth and Development 1,400 Mexican American boys and girls 5-12 years of age with lead levels greater than the sample median (Frisancho and Ryan, 1991) . Most of these studies have had good statistical control over other factors related to size, including diet. Mechanisms of effect are not yet known; although a study of a clinically growth-depressed sample showed deranged growth hormone levels and regulation (see for review Schell, 1999) . Recent studies in the US have revealed that sexual maturation may be affected by lead. Using a national probability sample of US children, two different teams of investigators discovered that at higher lead levels girls were less likely to have attained menarche (Wu et al., 2003) and age at menarche was delayed by approximately three and a half months (Selevan et al., 2003) . It seems likely that lead has the capacity to disrupt the endocrine system, either during the period of rapid sexual maturation during adolescence, or during the prenatal period leading to delayed effects on human physiology.
Our group has worked with a community of Mohawk Indians to learn of the effects of exposure to polychlorinated biphenyls. In performing this study we also examined the effects of lead on growth and development, including age at menarche (Denham et al., 2005) . Our analysis of these data showed that menarche was substantially delayed in relation to lead levels. As lead levels increase, the odds of reaching menarche decreased significantly, even after controlling for age, socioeconomic status and other toxicant burden (mercury, PCBs, HCB, p, pЈ-DDE, and mirex). At the geometric mean of lead, 69% of 12-year-old girls were predicted to have reached menarche, compared to only 10% at the 75th percentile of lead (see Fig. 6 ). This effect was observed even though the levels of lead in the blood were low. None of the youth had a level of lead in the blood that the US Centers for Disease Control and Prevention believes has an impact on human health.
Summary and Conclusion
Many studies of pollution and human growth have reported changes in growth or maturation patterns in relation to one or several pollutants. These changes seem to be caused by changes in the underlying physiology of growth. However, the effects of pollutants on human physiology, growth and development are not known comprehensively. Furthermore, pollution is a growing problem worldwide as more countries industrialize and some industrialized countries resist control of this problem. Therefore, it is likely that the effects of pollution on the human species will be a problem for many years. However, determining the effects of pollutants on human physiology and growth is difficult. Human populations are exposed to many different pollutants simultaneously making it difficult to separate effects of each pollutant. Furthermore, studies require fairly large numbers of participants who cannot be purposely exposed, but who should have accurate measurement of exposure. Nevertheless, effects of pollution should be subject to intensive investigation to learn the extent of the problem, its probable consequences, and ways to block the effects of pollution on human health and well-being. 
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